1. Introduction {#sec1-molecules-21-00720}
===============

Even though the anticancer efficacy of most drugs is far from satisfactory, chemotherapy is still one of routine strategies in the clinical therapy of breast cancer \[[@B1-molecules-21-00720],[@B2-molecules-21-00720],[@B3-molecules-21-00720]\]. The anticancer efficacy of chemotherapeutic drugs largely depends on the concentration accumulated in the desired cancer cells with a certain time window (retention time), which is determined by the cellular influx/efflux ratio of the certain chemotherapy drugs in the given time frame \[[@B4-molecules-21-00720]\].

The cellular influx of chemotherapeutic drugs to cancer cells is mainly mediated by the diffusion of hydrophobic agents and endocytosis of hydrophilic agents. The efflux of chemotherapeutic agents is mediated by the drug pump induced by cellular drug exposure. Cancer cells employ natural defense mechanisms mediated by ATP-binding cassette (ABC) transporter family \[[@B5-molecules-21-00720],[@B6-molecules-21-00720]\], especially P-glycoprotein (P-gp) \[[@B7-molecules-21-00720]\], to become resistant to one or more therapeutic agents, which is known as multidrug resistance (MDR) \[[@B7-molecules-21-00720]\].

Doxorubicin (Dox) is an anthracycline with detectable red fluorescence that ranks among the most effective anticancer drugs. However, its therapeutic outcome is still limited by low dose administration and cellular drug efflux \[[@B8-molecules-21-00720],[@B9-molecules-21-00720]\].

Polymer-based drug delivery systems (DDS) represent an extensively investigated strategy used to prolong drug exposure period, increase drug transport, achieve higher drug doses with lower toxicity and overcome the MDR mediated by P-gp \[[@B10-molecules-21-00720],[@B11-molecules-21-00720]\]. Polymeric nanomedicines are able to enhance delivery efficacy via endocytosis-mediated uptake \[[@B12-molecules-21-00720]\]. In addition, polymer-drug conjugates show significant decreases in the efflux of chemotherapeutic agents in cells \[[@B13-molecules-21-00720],[@B14-molecules-21-00720]\]. The proposed mechanism of overcoming drug resistance by a polymeric pro-drug was that these polymer-drug conjugates are likely too large to be handled by ABC transporters and are consequently "trapped" within the cancer cells \[[@B15-molecules-21-00720]\].

Various hydrophilic polymeric conjugations have been explored, including polyglutamate-paclitaxel (Ptx) \[[@B16-molecules-21-00720]\], HPMA copolymer-Dox \[[@B17-molecules-21-00720],[@B18-molecules-21-00720]\], HPMA copolymer-Ptx \[[@B19-molecules-21-00720],[@B20-molecules-21-00720]\], Dextran-Dox \[[@B21-molecules-21-00720],[@B22-molecules-21-00720]\] and poly([l]{.smallcaps}-γ-glutamylglutamine) (PGG) based nanomedicines. Most recently, poly-([l]{.smallcaps}-γ-glutamylglutamine)-paclitaxel nanoconjugate (PGG-Ptx) \[[@B23-molecules-21-00720]\] demonstrated efficacious antitumor activity *in vivo* and outperformed albumin-bound Ptx nanoparticles in murine models \[[@B24-molecules-21-00720]\]. PGG-Ptx showed prolonged half-life of total, extractable, and active free Ptx in both the plasma and tumor compartments compared with the Cremophor EL-ethanol formulation of Ptx in BABL/c nude mice bearing lung cancer NCI-H460 xenograft \[[@B25-molecules-21-00720]\]. In addition, a free Ptx-loaded PGG-Ptx conjugate nanoparticle drug delivery system \[[@B26-molecules-21-00720]\] and PGG-docetaxel conjugate pro-drug \[[@B27-molecules-21-00720]\] also showed good pharmacokinetic behavior. However, the anticancer efficacy of PGG based nanomedicine in MDR cancer cells is still unknown.

The goal of this study was to investigate the therapeutic outcome of a PGG-based polymer nanomedicine in drug resistant breast cancer cells and the possible mechanism of action. We report here the increased accumulation of PGG based polymeric Dox (both conjugated and unconjugated) in resistant cancer cells, which have important implications for the design of polymer-drug conjugates for overcoming MDR. This is the first time to report that the polymer/drug complex without chemical conjugation could also help keeping the drug in the cells from drug efflux in MDR cells. This new discovery will help in the design and development of new anticancer DDS to overcome MDR for improving cancer chemotherapy in clinic.

2. Results {#sec2-molecules-21-00720}
==========

2.1. Characterization of PGG-Dox {#sec2dot1-molecules-21-00720}
--------------------------------

PGG-Dox conjugate was characterized by ^1^H-NMR. Peaks corresponding to both PGG and Dox conjugates are shown in [Figure 1](#molecules-21-00720-f001){ref-type="fig"}b,d, respectively. Free Dox and PGG-Dox were identified and confirmed by proton chemical shifts at 7.0--8.0 ppm for its aromatic protons ([Figure 1](#molecules-21-00720-f001){ref-type="fig"}c,d). The PGG-Dox showed a drug loading capacity of 35% as calculated according to our previous reports \[[@B23-molecules-21-00720]\].

The glutamic acid linker was able to provide additional water-solubility so that the polymer could be loaded to a high level with Dox, while having sufficient flexibility. The Dox moieties could form the hydrophobic inner core of nanoparticles, and the PGG polymer forms the hydrophilic shell. The DLS results show that the mean size of PGG-Dox nanoparticles was about 20 nm, and the PDI was 0.36 ([Figure 2](#molecules-21-00720-f002){ref-type="fig"}). The TEM images of showed that PGG-Dox nanoparticles have a uniform spherical morphology, with a particle size of around 25 nm.

2.2. Evaluation of MDA-MB-231/MDR {#sec2dot2-molecules-21-00720}
---------------------------------

In order to mimic MDR occurring in clinical trials, MDA-MB-231 cells were selectively induced with Dox in a stepwise manner. MTT assays were performed to evaluate the resistance of selected cell line. [Figure 3](#molecules-21-00720-f003){ref-type="fig"}a reports the significantly different cell viability between the wild-type cells and the resistant cells. Compared with wild-type cells, the resistant cell line showed 40-fold increased IC~50~ values, which indicated sufficient resistance of the induced cell lines.

Western blotting assays were carried out to confirm the expression of P-gp in wild and resistant cells. There is almost no expression of P-gp in wild MDA-MB-231 cells, whereas in MDA-MB-231/MDR cells, significantly P-gp protein expression were detected ([Figure 4](#molecules-21-00720-f004){ref-type="fig"}). The P-gp protein may account for the efflux of anti-tumor agents in MDR cells, thereby enhancing the survival rate of cells uncer high concentration of Dox ([Figure 3](#molecules-21-00720-f003){ref-type="fig"}a).

2.3. Antitumor Effect of PGG Based Nanomedicine in MDA-MB-231/MDR {#sec2dot3-molecules-21-00720}
-----------------------------------------------------------------

Both wild-type and resistant cells were incubated with PGG-Dox to determine the anticancer effect of the PGG-based nanomedicine. A clear dose-dependent cytotoxicity was seen on both cell lines as shown in [Figure 3](#molecules-21-00720-f003){ref-type="fig"}b. The IC~50~ value for free Dox on MDA-MB-231/MDR cell line showed a 40-fold increase compared with MDA-MB-231 cells ([Figure 3](#molecules-21-00720-f003){ref-type="fig"}a), whereas the multiples for PGG-Dox and PGG/Dox were 3.60 and 35.6, respectively (converted to equivalent Dox concentration, [Figure 3](#molecules-21-00720-f003){ref-type="fig"}b,c). No obvious toxicity of PGG polymers was found ([Figure 3](#molecules-21-00720-f003){ref-type="fig"}d). These results indicated that conjugated PGG can reduce Dox resistance in MDA-MB-231/MDR cells.

2.4. Effect of PGG on Drug Accumulation in MDA-MB-231/MDR {#sec2dot4-molecules-21-00720}
---------------------------------------------------------

To explain the inhibitory effect of PGG-Dox on MDA-MB-231/MDR cells, the cellular accumulation and retention of Dox was measured, and the results were shown in [Figure 5](#molecules-21-00720-f005){ref-type="fig"} and [Figure 6](#molecules-21-00720-f006){ref-type="fig"}. MDA-MB-231/MDR accumulated 57% less Dox at 24 h than wild-type cells when exposed to free Dox (purple line in [Figure 5](#molecules-21-00720-f005){ref-type="fig"}a,b), while the difference is insignificant when exposed to PGG-Dox (red line in [Figure 5](#molecules-21-00720-f005){ref-type="fig"}a,b). Further, the total accumulation of PGG-Dox was 17% higher than that of free Dox in wild-type cells at 24 h ([Figure 5](#molecules-21-00720-f005){ref-type="fig"}a), comparing with 217% in resistant cells ([Figure 5](#molecules-21-00720-f005){ref-type="fig"}b). [Figure 6](#molecules-21-00720-f006){ref-type="fig"} indicates the decline of intracellular Dox concentration caused by drug efflux within 18 h. The cellular efflux of Dox was faster in resistant cells than in wild-type when treated with free Dox. There is almost no free DOX in MDA-MB-231/MDR cells after 18 h. MDA-MB-231/MDR pre-treated with PGG-Dox ([Figure 6](#molecules-21-00720-f006){ref-type="fig"}b) showed enhanced cellular Dox retention, there was nearly 6-fold Dox retention in resistant cells at 18 h.

To our surprise, though PGG/Dox complex did not perform as well as PGG-Dox in MDA-MB-231/MDR, resistant cells treated with PGG/Dox complex as more Dox was accumulated than those treated with free Dox after a 4--6 h period ([Figure 5](#molecules-21-00720-f005){ref-type="fig"}b). In contrast, no similar phenomenon was observed in wild-type cells ([Figure 5](#molecules-21-00720-f005){ref-type="fig"}a). In addition, enhanced Dox retention in MDA-MB-231/MDR treated with PGG/Dox complex was initiated since the very beginning ([Figure 6](#molecules-21-00720-f006){ref-type="fig"}b). A UV-visible spectroscopy study was performed to address this phenomenon. A clear red shift indicating interaction between PGG and free Dox was seen in the UV-vis absorption spectra of PGG/Dox after 4 h ([Figure 7](#molecules-21-00720-f007){ref-type="fig"}). Therefore, the enhanced accumulation of Dox may be attributed (at least partly) to its interaction with the PGG polymer.

Then, intracellular Dox uptake was calculated. As shown in [Table 1](#molecules-21-00720-t001){ref-type="table"}, PGG conjugation greatly increased Dox uptake by resistant cells and also contributed to Dox retention. A clear time-dependent intracellular uptake profile was seen in PGG-Dox treated cells. The similar pattern was only seen in cells treated with PGG/Dox after 4 h. The results indicated that increasing the influx and decreasing the efflux are two possible mechanism of the enhancement of Dox accumulation in resistant cells.

2.5. Effect of PGG on Dox Uptake Pathway in MDA-MB-231/MDR {#sec2dot5-molecules-21-00720}
----------------------------------------------------------

The intracellular uptake of polymer-drug conjugates is mainly mediated by endocytosis, including pinocytosis (taking up fluids and solutes) and phagocytosis (taking up large particles) \[[@B28-molecules-21-00720]\]. To determine which form of endocytosis is mainly involved in the elevating drug uptake in MDR cells, an endocytosis inhibition study was conducted. According to [Figure 8](#molecules-21-00720-f008){ref-type="fig"}, cytochalasin-B caused moderate inhibition of Dox accumulation in wild-type cells, but enhanced Dox accumulation (though not significantly) in resistant cells, whereas pretreatment with colchicine caused severe inhibition of Dox accumulation in both wild type and resistant cell lines. Since colchicine is a specific inhibitor of pinocytosis, the result suggested that the pinocytosis may be mainly responsible for the uptake of Dox delivered by PGG-Dox.

Confocal laser scanning microscopy (CLSM) was applied to confirm the internalization of free Dox, PGG-Dox and PGG/Dox in MDA-MB-231/MDR cells. In [Figure 9](#molecules-21-00720-f009){ref-type="fig"}, the nucleus was visualized as the blue fluorescence after staining cells with DAPI, while Dox or PGG-Dox were shown as red fluorescence. Compared with free Dox, significantly increased cellular uptake of PGG-Dox was observed. The cellular uptake of PGG/Dox is also slightly increased compared with that of free Dox. The increased drug retention should be resulted from the decreased drug efflux as evidenced above.

3. Discussion {#sec3-molecules-21-00720}
=============

Drug resistance is so far still one of the major hurdles of successful chemotherapy in the clinic. The basic principle of drug resistance is that there are not enough therapeutic agents in the desired cells. The amount and concentration of the therapeutic agent accumulation in the desired cancer cells are determined by the net flux values of the therapeutic agents, which are determined by the influx rate and efflux rate. Thus, the drug resistance can be overcome by increasing the drug influx rate and reducing the drug efflux rate.

In the structure of PGG-Dox, the glutamic acid linker can provide additional water-solubility for the conjugate. Therefore, the PGG polymer could form a hydrophilic shell, and the Dox moieties interact with each other and form hydrophobic inner core of nanoparticles. Besides, the linkages between the monomer of PGG polymer, between the linker (glutamic acid) and PGG backbone, and between the linker and Dox are all amido bonds, like in native proteins or peptides. Therefore, the PGG-Dox could be easily degraded in lysosomes or tumor tissues and release free Dox.

The drug accumulation in resistant cell lines is a dynamic process determined by the intracellular drug influx and efflux. If the influx rate is faster than efflux and the drug concentration reaches or surpasses the therapeutic level in the desired cancer cells while maintaining a certain therapeutic time window, the drug will show good anticancer efficacy; and *vice versa*. Endocytosis is mainly responsible for the uptake of polymeric nanomedicines \[[@B29-molecules-21-00720]\]. Our previous study reported the molecular weight of polymeric pro-drug appear to matter in the uptake scheme \[[@B30-molecules-21-00720]\]. Nanoparticles with a diameter around 50 nm enjoyed the highest uptake rate via endocytosis \[[@B23-molecules-21-00720]\]. Even though many mechanisms of drug resistance were proposed, including target alternation and drug metabolism \[[@B31-molecules-21-00720]\], P-gp still serves as the prime responsible factor. Effective chemotherapy is positively correlated to reasonable drug accumulation and action time \[[@B4-molecules-21-00720]\]. However, once P-gp protein is induced, the cancer cells will pump the antitumor agents out of the cells, resulting in failure of cancer cell killing.

We selected the human breast cancer cell lines MDA-MB-231 as an initial cell line for preparing MDA-MB-231/MDR with stepwise exposure with both doxorubicin (Dox) and paclitaxel (Ptx). The resulting human breast multidrug resistant cancer cells showed a 40-fold IC50 value of Dox.

With the multidrug resistant human breast cancer cell line (MDA-MB-231/MDR) described above, we analyzed the effect of PGG polymer on the antitumor efficacy. The antitumor effect in MDR cells should not attributed to the cytotoxicity of PGG backbone ([Figure 3](#molecules-21-00720-f003){ref-type="fig"}d). In addition to improved intracellular Dox uptake ([Figure 5](#molecules-21-00720-f005){ref-type="fig"}b), PGG-Dox conjugate resulted in substantial enhancement of Dox retention in induced MDR human breast cancer cell line ([Figure 6](#molecules-21-00720-f006){ref-type="fig"}b). The improved total accumulation of Dox resulted from enhanced drug uptake and retention may account for overcoming the MDR.

In endocytosis inhibition, because P-gp could inhibit the effects of colchicine and cytochalasin-B \[[@B32-molecules-21-00720]\] they are both excretion substrates \[[@B33-molecules-21-00720]\]. Various magnitudes of Dox accumulation enhancement may lead in resistant cells ([Figure 8](#molecules-21-00720-f008){ref-type="fig"}, right panel). However, PGG-Dox treated cells were still more responsive to colchicine, indicating the enhanced uptake of Dox was mainly contributed by conjugating Dox to PGG polymer to form PGG-Dox conjugate which enters cells mainly by the pinocytosis pathway. The enhanced Dox uptake mediated by PGG was verified by CLSM. A cytoplasm-retained manner in cells treated with PGG-Dox ([Figure 9](#molecules-21-00720-f009){ref-type="fig"}) illustrated considerable Dox was delivered in the form of PGG-Dox rather than nucleus-stained free Dox \[[@B34-molecules-21-00720]\].

Interestingly, unconjugated PGG polymer significantly improved Dox uptake ([Figure 5](#molecules-21-00720-f005){ref-type="fig"}) in long time intervals (4--24 h) and Dox retention after 2 h pretreatment by free Dox solution ([Figure 6](#molecules-21-00720-f006){ref-type="fig"}). A red shift in the UV-absorption of PGG/Dox mixture for 4 h indicated that the interaction between opposite-charged free Dox and PGG polymers may be account for the enhanced Dox accumulation.

4. Materials and Methods {#sec4-molecules-21-00720}
========================

4.1. Materials {#sec4dot1-molecules-21-00720}
--------------

Poly([l]{.smallcaps}-glutamate) (PGA), *N*,*N*-dimethylformamide (DMF), sodium bicarbonate, fluorescein isothiocyanate (FITC), and 4-di(methylamino)pyridine (DMAP) were purchased from Sigma-Aldrich Chemical Co, (St Louis, MO, USA). *N*-(3-Dimethylaminopropyl)-*N*′-ethylcarbodiimide (EDC), 4′-6-diamidino-2-phenylindole (DAPI) and trifluoroacetic acid were purchased from Novabiochem (La Jolla, CA, USA). 1-Hydroxybenzotriazole was purchased from Spectrum (Gardena, CA, USA). Dox and Ptx were purchased from NuBlocks (Vista, CA, USA). All the chemicals and reagents were used as received without further purification.

4.2. Preparation of PGG-Dox Conjugate {#sec4dot2-molecules-21-00720}
-------------------------------------

PGG acid was synthesized according to our previous procedures \[[@B23-molecules-21-00720]\]. PGA (Mw 24,880 Da) was modified by adding another glutamic acid as a linker to each glutamic acid in the polymer backbone to obtain PGG acid (Mw 53,180 Da) \[[@B23-molecules-21-00720]\]. PGG acid was then mixed with DMF in the flask and stirred for 1 h. Then, DMAP and EDC were added in the mixture solution and stirred for 15 min. Dox was added in the resulting solution and reacted for 24 h at R.T. The mixture solution was then poured into HCl solution, and stirred to form a suspension. Then, the suspension was subjected to centrifugation at 5000 rpm for 10 min, and the sediment was re-suspended with HCl solution. After discarding supernatants, the sediments were combined and dissolved in NaHCO~3~ solution. After being stirred at room temperature for 1 h, the solution was filtered, dialyzed for 48 h and concentrated by tangential flow filtration (Millipore, Billerica, MA, USA). The resulting solution was finally lyophilized to obtain PGG-Dox.

4.3. ^1^H-NMR Spectroscopy and Dynamic Light-Scattering Measurements {#sec4dot3-molecules-21-00720}
--------------------------------------------------------------------

^1^H-NMR spectra were measured on a model? NMR spectrometer (Bruker, Billerica, MA, USA) using D~2~O for Dox, PGG and PGG--Dox. Chemical shifts were reported in ppm. PGG-Dox conjugate solution (2.0 mg/mL) was prepared in ultrapure water. The particle size of PGG-Dox was determined by dynamic light-scattering (DLS) using a Nano-ZS zetasizer (Malvern, Worcestershire, UK) equipped with He-Ne laser (4 mW, 633 nm) light source and 90° angle scattered-light collection configuration.

4.4. Cell Culture {#sec4dot4-molecules-21-00720}
-----------------

Human breast cancer MDA-MB-231 cell line (Cell Bank of China Scientific Academy, Shanghai, China) was cultured in L-15 medium (Gibco, Grand Island, NY, USA). The medium was supplemented with 10% fetal bovine serum (BioInd, Beit Haemek, Israel), 100 U/mL penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA). Cells were incubated at 37 °C in 100% air atmosphere.

4.5. Development of Resistant Breast Cancer Cell Line {#sec4dot5-molecules-21-00720}
-----------------------------------------------------

MDA-MB-231 cells were seeded on cell culture flasks (Corning, Union City, CA, USA) in the cell medium supplemented with Ptx and Dox. The initial concentration of Ptx was 50 μmol/mL. After 48 h, the cells was washed with PBS to remove floating cells, and the culture was changed to normal cell medium without Ptx. The concentration of Ptx was increased passage after passage by 25%--50% depending on the growing status of cells. When the cells can stably live in the cell medium with Ptx, the cells was cultured with cell medium with Dox in the same manner with Ptx. Finally, the cell line MDA-MB-231/MDR was generated. Western blotting assays were carried out to confirm the expression of P-gp protein in wild cells and resistant cells.

4.6. In Vitro Cytotoxicity Assay {#sec4dot6-molecules-21-00720}
--------------------------------

The MTT assay was performed as described previously \[[@B2-molecules-21-00720]\] to assess the cytotoxicity of different Dox formulations, including free Dox, PGG-DOX, PGG and PGG/DOX (the physical mixture of PGG and Dox with the same proportion as PGG-Dox). Cells were seeded in 96-well plates (Corning) at 1 × 10^5^ cells/100 μL medium. Gradient dilutions of the above-mentioned Dox formulations were added to the plate and incubated for 72 h. Percent cell viability was calculated on the basis of optical density values of sample wells *versus* reference wells, and the IC~50~ was calculated by using the Prism 5.0 software (Graphpad Software, Inc., La Jolla, CA, USA).

4.7. In Vitro Cellular Drug Accumulation and Retention Studies {#sec4dot7-molecules-21-00720}
--------------------------------------------------------------

MDA-MB-231 and MDA-MB-231/MDR cells were plated onto 24-well plates and incubated overnight. Dox, PGG-Dox and PGG/Dox were added into each well. All samples were diluted with L-15 medium and adjusted to 10 μM Dox (or equivalent concentration). Drug-free medium was used as the negative control. In the cellular uptake study, the cells were washed with ice-cold PBS (pH 7.4) and lysed with PBS containing 1% Triton X-100 at predetermined time intervals after removing the supernatant. In the cellular retention study, cells were incubated with different test samples for 2 h and then, the supernatant was replaced with drug-free L-15 medium. At predetermined time intervals, cells were treated as described above. Drug concentrations in the cell lysates were measured with a microplate fluorometer (Molecular Devices, Sunnyvale, CA, USA) with 485/595 nm excitation/emission. Cellular drug concentration is expressed in nanomoles/milligram of protein. Then the uptake was calculated according to the following formula: (a)Net Accumulation = Dox Accumulation (last time point) − Dox Accumulation (former time point)(b)Net Efflux = Dox Retention (former time point) − Dox Retention (last time point)(c)Net Uptake = Net Accumulation + Net Efflux

4.8. Endocytosis Inhibition Studies {#sec4dot8-molecules-21-00720}
-----------------------------------

To determine the cell uptake pathway, the drug accumulation after endocytosis inhibition was measured according to Wong *et al*. \[[@B28-molecules-21-00720]\] with modification. Cells were seeded in 24-well plate and pretreated with 25 μg/mL pinocytosis inhibitor colchicine or 5 μg/mL phagocytosis inhibitor cytochalasin-B, in L-15 for 1 h at 37 °C. After removing the pretreatment solution, the cells were washed with pre-warmed PBS, incubated with test samples containing PGG-Dox (equivalent to 10 g/mL Dox). Cellular Dox accumulation at 2 h was measured, and the test of protein standardization and membrane integrity were performed. Dox uptakes of cells pretreated with endocytosis inhibitors are compared with those without pretreatment, and the reduction in Dox accumulation caused by the inhibitors is expressed in nanomoles/milligram of protein.

4.9. Transmission Electron Microscope Study {#sec4dot9-molecules-21-00720}
-------------------------------------------

In order to observe the pathway of cellular internalization directly, both wild-type and resistant cells were incubated with PGG-Dox for 2 h. After washing three times with ice-cold PBS, cells were fixed in 4% paraformaldehyde, rinsed twice with 6.8% sucrose and post-fixed in 1% OsO~4~. Then, they were embedded in Spurr's resin and polymerized at 70 °C overnight after dehydrating in graded alcohol series. Ultrathin sections were cut with a diamond knife and loaded onto TEM grids. The sections were examined by a JEM-2100 electron microscope (Jeol, Tokyo, Japan) at an accelerating voltage of 6 kV.

4.10. Confocal Laser Scanning Microscopy {#sec4dot10-molecules-21-00720}
----------------------------------------

MDA-MB-231/MDR (4 × 10^5^) cells were seeded in 60 mm culture dishes (Corning) incubated for 24 h. Each well contained a poly-L-lysine-coated cover slip. Following the incubation, Dox, PGG-Dox conjugate or PGG/Dox was added into each well and incubated for 2 h. After washing three times with ice cold PBS, cells were fixed in 4% paraformaldehyde, mounted with ProLong Gold Antifade Reagent with DAPI (Invitrogen). Images were taken with an Olympus Fluoview 1000 confocal microscope (Olympus, Melville, NY, USA) equipped with a 60× water objective.

4.11. UV-Visible Spectroscopy {#sec4dot11-molecules-21-00720}
-----------------------------

To investigate the role of PGG in unconjugated Dox uptake, UV-vis absorption spectra of PGG, Dox, PGG-Dox and PGG/Dox was recorded at 4 h after dissolved into pure water. All measures were performed at room temperature using a TU-1901 UV-visible spectrophotometer (Purkinje General, Beijing, China).

4.12. Statistical Analysis {#sec4dot12-molecules-21-00720}
--------------------------

Values shown are representative of triplicate determinations in two or more experiments. Student's *t*-test was used to compare the differences between groups (Graph-Pad Prism software, GraphPad Software, San Diego, CA, USA). Unless otherwise indicated, results are given as mean & SEM and results with *p* \< 0.05 were considered statistically significant.

5. Conclusions {#sec5-molecules-21-00720}
==============

In summary, this study suggest that PGG polymer effectively increase the conjugated or unconjugated Dox accumulation in MDR cells. PGG polymer can be successfully employed for the delivery of antitumor agents with higher uptake and retention to overcome MDR.
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![The chemical structure of PGG-Dox conjugate (**a**); ^1^H-NMR spectra of PGG polymer-length chain (**b**); free Dox (**c**) and PGG-Dox (**d**) in D~2~O.](molecules-21-00720-g001){#molecules-21-00720-f001}

![The DLS results of PGG-Dox nanoparticles showed that the average particle size is 20 nm, and that PDI is 0.36 (**a**); The PGG-Dox nanoparticles exhibited uniform spherical morphology as shown in the TEM images (**b**,**c**).](molecules-21-00720-g002){#molecules-21-00720-f002}

![Inhibitory effects of Dox (**a**); PGG-Dox (**b**); PGG-Dox (**c**) and PGG polymers (**d**) on the proliferation of MDA-MB-231 and MDA-MB-231/MDR cell lines measured by MTT assay. Data are presented as the mean ± S.D. of three independent experiments (*n* = 3) with triplicate (*n* = 3) measurements for each experiment (*p* \< 0.05).](molecules-21-00720-g003){#molecules-21-00720-f003}

![The expression of MDR1 protein in MDA-MB-231 (**a**) and MDA-MB-231/MDR cells (**b**) by western blotting assay.](molecules-21-00720-g004){#molecules-21-00720-f004}

![Dynamic accumulation of PGG-Dox, PGG/Dox and Dox in MDA-MB-231 (**a**) and MDA-MB-231/MDR (**b**). Results were normalized with cellular protein level and presented as the mean ± S.E.M. of three independent experiments (*n* = 3) measurements for each experiment (A: PGG-Dox *vs.* PGG/Dox, *p* \< 0.05; B, PGG-Dox *vs.* Dox, *p* \< 0.05; C: PGG/Dox *vs.* Dox, *p* \< 0.05).](molecules-21-00720-g005){#molecules-21-00720-f005}

![Effect of PGG-Dox, PGG/Dox and Dox on drug retention in MDA-MB-231 (**a**) and MDA-MB-231/MDR (**b**). Results were normalized with cellular protein level and presented as the mean ± SEM of three independent experiments (*n* = 3) measurements for each experiment (A: PGG-Dox *vs.* PGG/Dox, *p* \< 0.05; B: PGG-Dox *vs.* Dox, *p* \< 0.05; C: PGG/Dox *vs.* Dox, *p* \< 0.05).](molecules-21-00720-g006){#molecules-21-00720-f006}

![UV-vis absorption spectra of Dox, PGG, PGG/Dox and PGG-Dox (Abs, absorption).](molecules-21-00720-g007){#molecules-21-00720-f007}

![Effect of endocytosis inhibitors pretreatment on PGG-Dox accumulation in MDA-MB-231/MDR. Results were normalized with cellular protein level and presented as the Mean ± SEM of three independent experiments (*n* = 3) measurements for each experiment (\* *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.005; ns, not significant; Colch, colchicine; Cytoch-B, cytochalasin-B).](molecules-21-00720-g008){#molecules-21-00720-f008}

![Fluorescent microscope images demonstrating the internalization of Dox, PGG-Dox and PGG/Dox by MDA-MB-231/MDR cells following 2 h incubation.](molecules-21-00720-g009){#molecules-21-00720-f009}
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###### 

(**a**) Calculated net uptake (μmol/mg protein) of Dox, PGG-Dox and PGG/Dox in resistant cells and (**b**) uptake increase rate at different time intervals.

  ------------------- --------------- -------------- -------------- --------------
  **a**                                                             
  **Net Uptake**      **18 h--6 h**   **6 h--2 h**   **4 h--2 h**   **2 h--1 h**
  Dox                 −0.063          0.387          0.226          0.307
  PGG-Dox             0.536           0.627          0.473          0.540
  PGG/Dox             0.442           0.572          0.244          0.088
  **b**                                                             
  **Increase Rate**   **18 h--6 h**   **6 h--2 h**   **4 h--2 h**   **2 h--1 h**
  PGG-Dox             950%            62%            109%           76%
  PGG/Dox             801%            48%            8%             −71%
  ------------------- --------------- -------------- -------------- --------------

[^1]: These authors contributed equally to this work.
